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Abstract
BACKGROUND:Herbicide safening in cereals is linked to a rapid xenobiotic response (XR), involving the inductionof glutathione
transferases (GSTs). The XR is also invoked by oxidized fatty acids (oxylipins) released during plant stress, suggesting a link
between these signalling agents and safening. To examine this relationship, a series of compounds modelled on the oxylipins
12-oxophytodienoic acid and phytoprostane 1, varying in lipophilicity and electrophilicity, were synthesized. Compoundswere
then tested for their ability to invoke the XR in Arabidopsis and protect rice seedlings exposed to the herbicide pretilachlor, as
compared with the safener fenclorim.
RESULTS: Of the 21 compounds tested, three invoked the rapid GST induction associated with fenclorim. All compounds
possessed two electrophilic carbon centres and a lipophilic group characteristic of both oxylipins and fenclorim. Minor effects
observed in protecting rice seedlings from herbicide damage positively correlated with the XR, but did not provide functional
safening.
CONCLUSION: The design of safeners based on the characteristics of oxylipins proved successful in deriving compounds that
invoke a rapid XR in Arabidopsis but not in providing classical safening in a cereal. The results further support a link between
safener and oxylipin signalling, but also highlight species-dependent differences in the responses to these compounds.
© 2018 The Authors. Pest Management Science published by JohnWiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting informationmay be found in the online version of this article.
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1 INTRODUCTION
Safeners are a chemically diverse group of agrochemicals that
enhance tolerance to both pre- and post-emergence herbi-
cides in cereal crops when applied as seed treatments, or as
co-formulants.1,2 In contrast to their activity in cereals, safeners do
not deliver enhanced herbicide tolerance in non-domesticated
grasses and broad-leaf crops and weeds. As such, they are impor-
tant active components included in the formulation of many
herbicides used selectively in post-emergence applications in
wheat, barley, rice, maize and sorghum.1,2 While safeners have
been used commercially for over 40 years, we know remarkably lit-
tle with respect to their mode of action, although over the course
many studies, it is nowwidely accepted that their action is linked to
enhanced herbicide detoxification in cereals.3 However, it is likely
that additional cytoprotective mechanisms linked to antioxidant
capacity are also invoked by safening.4 Safener-induced changes
in the biosystem responsible for detoxification (the xenome)5
include changes in the expression of a comprehensive group
of cytochrome P450s (CYPs), glucosyltransferases, glutathione
transferases (GSTs) and ATP-Binding Cassette (ABC)-transporter
proteins.6,7 Curiously, many xenome components are also induced
by safeners in broad-leaf plants and wild grasses, even though
this does not result in protection against herbicide injury.5,8–10 It
therefore appears that safener-signalling pathways are conserved
in higher plants, and this has facilitated the use of Arabidopsis as
a model system to study their action in planta.5,7,8,11
In earlier studies, we determined that the rice safener fen-
clorim (Fig. 1; compound 2) provoked a rapid and major induc-
tion of xenome genes in Arabidopsis (At), with the tau (U) class
GSTs AtGSTU19 and AtGSTU24 being particularly responsive.5 By
studying the induction kinetics of these genes during exposure
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Figure 1. Structures of the oxylipins OPDA 1 and PPA1 X, the safener
fenclorim 2 and its closely related derivative 3-chloro-2-phenyl-
6-thiomethiomethylpyrimidine (CMTP) 3. Unlike fenclorim, CMTP does not
invoke a rapid XR or safening and was used as a negative control. For each
compound, red circles denote electrophilic centres and the blue regions
lipophilic components.
to a chemical series derived from fenclorim, it was possible to
define two classes of xenobiotic response (XR), namely a rapid
and a slow XR.5 The rapid XR was associated with the induc-
tion of GST gene transcription within 20min of exposure to the
test chemical and the transient induction of multiple defence
genes as determined using a DNA array.5 In contrast, the slow
XR only elicited GST gene synthesis 60min after chemical expo-
sure and resulted in a slower mass perturbation of the tran-
scriptome. While none of the chemical treatments resulted in
enhancedherbicide tolerance inArabidopsis, the fenclorimderiva-
tives provoking the rapid XR, safened rice seedlings against the
chloroacetanilide herbicide pretilachlor.5 Within the fenclorim
chemical series, the characteristics associated with functional
safening and the rapid XR were the presence of a pyrimidyl
ring containing two electrophilic centres and a suitably orien-
tated and sized hydrophobic substitution (Fig. 1). The chemistry of
safener activity was highly defined. Thus, the closely related com-
pound 3-chloro-2-phenyl-6-thiomethiomethylpyrimidine (CMTP;
Fig. 1; compound 3), which lacked the electrophilicity of fenclorim,
only provoked a slow XR in Arabidopsis and no protection against
herbicides in rice.
This well-defined chemical reactivity and structural features of
safening by fenclorim were indicative of selective binding of a
safener to a protein target.12 In this case of fenclorim, our studies
have suggested that this putative protein target must be involved
in regulating XR signalling in Arabidopsis, and safening in cereals.
However, despite extensive probing for such ligand binding, no
protein receptor has been identified.
Instead, we have considered whether the chemical signature of
the safening activity of fenclorim could point to orthologous nat-
ural signalling molecules that act on the XR pathway. Compari-
son of microarray experiments in Arabidopsis shows that many of
the genes induced by fenclorim5 are similarly perturbed follow-
ing treatment with the oxylipins 12-oxophytodienoic acid (OPDA)
and phytoprostane A1 (PPA1).13 Oxylipins are small lipophilic sig-
nalling agents released as a result of pathogen infection, wound-
ing and herbivory by insects and as such have a central role
in plant stress responses, development and growth.14 A signif-
icant body of literature has now been established suggesting
that safeners and oxylipins share common signalling pathways,
although the mechanisms by which these compounds act to
enhance xenome transcription remain undefined.2,13 In this study,
we have postulated that fenclorim directly mimics PPA1- and
OPDA-like intermediates, directly acting on the oxylipin signalling
pathway. We base this hypothesis on several key chemical sim-
ilarities between the safener and these cyclopentenones. Whilst
there are distinct structural differences between fenclorim and
OPDA, thegrossmolecular shapeshave certain similarities, notably
the apparent superposition of putative electrophilic centres and
hydrophobic residues (Fig. 1). To test this hypothesis, we now
report on the preparation and testing for the rapid XR in Ara-
bidopsis and herbicide safening in rice seedlings of a series of
hydrophobic and electrophilic compounds inspired by oxylipin
chemistry.
2 MATERIALS ANDMETHODS
2.1 Preparation and testing of a safener series
Pretilachlor and the commercial safener fenclorim were obtained
from Greyhound/Chem Service (Birkenhead, UK, CH41 1LT). Ara-
bidopsis thalianaColumbia (Col-0) cell culturesweremaintained as
described previously and used 5 days after subculture.5 All chem-
icals were prepared as stock solutions in acetone, such that they
were added to the cell cultures as a 1:1000 dilution to achieve final
dosing concentrations. Controls consisted of identical volumes of
acetone added alone. For herbicide safening trials, rice seedlings
(Oryza sativa ssp. japonica cv. Nipponbare) were germinated on
0.3% agar containing pretilachlor (10𝜇M) and safener treatments
applied at either 1 or 10𝜇M, as described previously.5
2.2 Synthesis of model safeners
Compounds numbered in the text in bold are shown in Fig 2.
Compounds5–8, 12,21 and22were obtained commercially from
SigmaAldrich (Gillingham,UK, SP8 4XT) andwere used as supplied
with no further purification. All other compounds were prepared
as described in the Supporting Information.
2.3 Real-time quantitative polymerase chain reaction
(qPCR)
Equal amounts of Arabidopsis RNA were used to synthesize cDNA
for real-time PCR of atgstu19 and atgstu24 as described pre-
viously, with Glyceraldehyde phosphate dehydrogenase (GAPDH)
(At1g13440) and Ubiquitin-conjugating (UBC) (At5g25760) used as
housekeeping genes.5
2.4 Informatics
GENEVESTIGATOR15 was used to retrieve microarray data for studies
with oxylipins.13 The three studies used in the analysis were the
treatment of Arabidopsis Col-0 root cultureswith 100𝜇M fenclorim
for 4 h (experiment ID: AT-00459), treatmentofArabidopsis cell cul-
tures with 75𝜇M PPA1 for 4 h (experiment ID: AT-00293) and treat-
ment of Arabidopsis Col-0 plant samples with 75𝜇M OPDA for 4 h
(experiment ID: AT-00293). Microarray data for all GSTs and CYPs
from Arabidopsis (P-value<0.05) was used to construct scatter-
plots. Regression analysis was performed and Pearson coefficients
calculated to determine the correlation between treatment types
using the MINITAB 17 Mintab.com, Coventry, UK. CV3 2TE statistical
package.
Phylogenetic analysis was performed as described previously7
using the phylogeny package PHYLIP.16 CLUSTALW was used to align
multiple full-length protein sequences, the distance measure
between paired sequences was computed using PRODIST, and the
UMGMA option in NEIGHOR was used to used to construct a tree
wileyonlinelibrary.com/journal/ps © 2018 The Authors. Pest Manag Sci (2018)
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Figure 2. Scatterplots showing the correlation of expression of glutathione transferases (GSTs) and cytochrome P450 (CYP) transcripts after exposure of
Arabidopsis cell cultures to the safener fenclorim, or the oxylipin phytoprostane A1 (A) or OPDA (B). The n-fold change is referenced to a solvent control
and is derived from averages of triplicate microarray analysis with a P-value <0.005.
using an average-linkage method of clustering. The phylogeny
was plotted using DRAWTREE.
3 RESULTS
3.1 Correlation of xenome gene expression between
fenclorim and oxylipin treatments
To focus our studies on the comparative signalling of oxylipins and
fenclorim, we compared the relative induction of genes function-
ally linked to safening rather than performing global transcrip-
tome analyses. Using published DNA array experiments in Ara-
bidopsis,we compared the respective inductionofmembersof the
CYP and GST gene superfamilies following PPA1, OPDA and fen-
clorim treatment, as both groups of enzymes are known to have
critical roles in safening in cereals.1,2 A strong positive correlation
was observed between fenclorim and PPA1 (Fig. 2A) for both the
GST and CYP gene families, with Pearson coefficients of 0.852 and
0.882, respectively (both P-values< 0.001). A similar strong corre-
lation was observed between fenclorim and OPDA (Fig. 2B) for the
CYP family, but was less pronounced for the GST family, with Pear-
son coefficients of 0.830 (P < 0.001) and 0.558 (P = 0.009) respec-
tively. The similarity in PPA1- and fenclorim-invoked changes in
GST and CYP gene induction gave further credibility to a mech-
anistic link between oxylipin and safener signalling in Arabidopsis.
The subtle differences seen between OPDA and fenclorim/PPA1
induction of theGST family also indicated anunexpected chemical
selectivity in gene regulation.
3.2 Preparation of a chemical series inspired by oxylipin
chemistry
As indicated above, simple structural analysis revealed that both
the enone functionality in oxylipins and the dichloropyrimidine
moiety within fenclorim are potential 1,3-bis electrophiles with a
hydrophobic element that, we speculated, serves to orientate this
warhead to interact with its cognate protein partner. Following
these very simple design principles, a set of easily accessible struc-
tures were assembled to explore the need for these features whilst
retaining elements of similar reactivity (Fig. 3). Compounds 5–7
are direct oxylipin analogues with a reactive cyclopentenone unit,
albeit lacking the directing lipophilic tail.N-Phenyl maleimide (12)
is an analogue of known protein modification reagents demon-
strating enhanced electrophilicity within the five-membered ring,
whereas 22 retains a similar shape, but possesses lower chemical
reactivity. All other compounds had a more “fenclorim-like” six
membered ring warhead of varying electrophilicity, ranging from
direct “oxylipin-like” enones to themuch less reactive dihydropyri-
dones. Within this latter group, compounds were further selected
with small differences in the orientation and size of the lipophilic
anchor group. In most cases, these anchor groups reflected the
structure of fenclorim, notably containing a simple benzene ring.
These compounds were either commercially available, or easily
prepared in a few simple steps. In brief, dihydropyridones (14
and 15) and pyrones (11 and 16) were accessed through het-
eroatom Diels–Alder reactions using Danishefsky’s diene with the
relevant imine or aldehyde. Compound 9 was synthesized from
4-methoxypyridine by sequential reduction, acylation and then
acid-mediated hydrolysis, and acted as a simple precursor of 10
Pest Manag Sci (2018) © 2018 The Authors. wileyonlinelibrary.com/journal/ps
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Figure 3. Oxylipin inspired ‘safeners’ explored in this study. Details of their preparation are given in the Supporting Information.
and 13 through enolization and alkylation. Similarly, enones 19
and 20were generated by alkylation of the corresponding enolate
(see Supporting Information for details).
3.3 Compound testing in Arabidopsis cultures and rice
seedlings
Each compound was tested in Arabidopsis cell cultures delivered
in acetone at a final concentration of 100𝜇M. Cultures were also
treatedwith fenclorim as this safener is known to cause a rapid XR,
with acetoneonly usedas thenegative control. Following the addi-
tion of the chemical, the cells were extracted after a 1-h exposure
and the change in abundance of transcripts encoding AtGSTU19
and AtGSTU24 determined by real-time qPCR, as compared with
housekeeping genes. Previous studies had demonstrated that,
while the rapidXRwasdetected after 1 h, the slowXRdidnot cause
any induction of these GST biomarkers until later time-points. The
results demonstrated that compounds 5 to 9, 18, 21 and 22
failed to elicit a significant response from either AtGSTU19 or
AtGSTU24 (Fig. S1). It seemed likely that compounds 5 to 9 lacked
sufficient hydrophobibicity to be active, while 21 and 22 were
not electrophilic enough. After removing these compounds from
the analysis along with 14 which also failed to elicit a response
that was significantly different from the control, the remainder
were then re-analysed for GST gene induction in Arabidopsis
(Fig. 4). Compounds 11, 12, 15, 16, 17, 19 and 20 all resulted in
a statistically relevant up-regulation of AtGSTU19 as compared
with control samples (Fig. 4). In the case of compound 12, the
enhancement was also significantly greater than that determined
with fenclorim. In contrast, AtGSTU24 proved to be less responsive
to the safener series than when treated with fenclorim, which was
an order of magnitude more effective in inducing this GST. After
applying a one-way analysis of variance [ANOVA; Tukey honest
significant difference (HSD) (post hoc); P ≤ 0.05] statistical treat-
ment, compounds 12, 19 and 20 were all shown to significantly
induce AtGSTU24 as compared with the acetone control.
For the safening studies with rice, seedlings were germinated
and grown on agar containing 10𝜇M pretilachlor and 10𝜇M of the
test chemical. After 5 days, safening was assessed by determining
any protective effect exerted by the chemicals in preventing the
stunting of root and shoot growth classically associated with this
chloroacetanilide herbicide. As determined from multiple repli-
cates (n = 15), considerable variation was observed in both root
and shoot lengths receiving the same treatment (Fig. 5). In the
roots, no significant safening was determined with fenclorim, or
any of the chemical series, with all treatments resulting in reduced
growth as compared with untreated controls (Fig. 5B). In the
shoots, safening was clearly determined in the presence of fen-
clorim, which completely reversed the inhibition of shoot growth
caused by pretilachlor. On determining mean shoot length, com-
pounds 12, 13, 19 and 20 appeared to show a weak protective
effect but this was not shown to be significantly different from that
of the herbicide pretilachlor on applying one-way ANOVA analysis
(Fig. 5A). However,when the relative inductionof theGSTbiomark-
ers in Arabidopsis was comparedwith the effects on shoot growth,
a positive correlation was determined (Fig. S2). It could therefore
be concluded that, while none of the test series performed as a
practical safener, there was a positive correlation between the
ability of the compounds to elicit the rapid XR and their ability to
provide some protection to the pretilachlor-treated rice seedlings.
4 DISCUSSION
4.1 Exploring the relationship between oxylipins
and safening
The emerging literature suggests a compelling link between
oxylipins and safener signalling, notably in their similar induction
wileyonlinelibrary.com/journal/ps © 2018 The Authors. Pest Manag Sci (2018)
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Figure 4. Relative transcript expression of safener-inducible marker genes in Arabidopsis cell cultures after a 60-min exposure to the compounds shown
in Fig. 3. Each point represented average transcript expression in two independent samples (n = 2; mean± standard deviation). Different letters represent
a statistically significant difference [one-way ANOVA, Tukey HSD (post hoc); P ≤ 0.05]. CONT, control; FEN, fenclorim.
of xenome genes.2,13,14 In this study, we have directly tested
that connection, by designing a group of synthetic compounds
inspired by cyclopentenone oxylipins that vary in their elec-
tophilicity and hydrophobicity and testing them for their ability
to induce the rapid XR in Arabidopsis and safen chloroacetanilide
herbicide damage in rice seedlings. The results demonstrated that
three compounds from the set, 12, 19 and 20, were able to invoke
the rapid XR, but did not significantly safen rice seedlings at the
concentrations tested. As relative induction of the rapid XR and
weak protective effects in rice were positively correlated, it is pos-
sible that at higher treatment concentrations these compounds
may have provided weak safening. In the case of compounds 12,
19 and 20, all three contain themore electrophilic centres (ketone
as opposed to analogous vinyl esters and amides), additionally
combined with enhanced lipophilicity. Given the lack of any effect
shown by 17, the ability of the maleimide 12,which is structurally
closely related to known nonspecific protein alkylating agents in
generating the safening response, suggests that within this series
the requirement for electrophilicity is paramount, whereas selec-
tivity is dependent on the lipophilic element.
These observations provide further evidence of a very spe-
cific link between the electrophilicity of hydrophobic synthetic
and natural product signalling agents and their ability to induce
the expression of protective xenome components. Oxylipins form
part of a much larger group of stress signalling agents formed
from unsaturated fatty acids, collectively termed reactive elec-
trophillic species (RES). Classic RES agents contain hydroperox-
ide, 𝛼,𝛽-unsaturated epoxides/aldehydes or ketone functions and
are distinguished from other fatty acid-derived signalling agents
of altered electrophilicity such as jasmonates bearing saturated
ketones/aldehydes and thus are less likely to react with the softer
nucleophiles involved in oxylipin processing .13,14 Consistent with
Pest Manag Sci (2018) © 2018 The Authors. wileyonlinelibrary.com/journal/ps
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Figure 5. Shoot (A) and root (B) lengths in rice seedlings grown on agar containing 10𝜇M of the herbicide pretilachlor and 10𝜇M of the selected
safener series compound or 1𝜇M fenclorim or CMP, as compared with untreated control plants. Each data point represents average length of shoot
or root from 15 independent samples (n = 15; mean± standard deviation). Different letters represent a statistically significant difference [one-way
ANOVA, Tukey HSD (post hoc); P ≤ 0.05]. CONT, no pretilachlor or safener control; PRET, pretilachlor only, no safener compound; FEN, fenclorim 2; CMP,
3-chloro-2-phenyl-6-thiomethiomethylpyrimidine.
this, whilst many of these oxidized fatty acids have activity as
stress signalling agents, the strong induction of xenome enzymes
is restricted to those oxylipins functioning as RES agents.17 RES
oxylipins induce plant genes bearing activation sequence-1 (as-1)
cis elements in their promoters, which are in turn regulated by
TGA transcription factors , that bind to the regulatory TGACGTCA
motif.18 Similarly, in animals, there are groups of conserved tran-
scription factors and antioxidant response elements (AREs) con-
trolling the induction of genes by RES.19,20 The regulation of
ARE-bearing genes is effected through binding by the leucine
zipper transcription factor Nrf2.19,20 In turn, the availability of
nuclear erythroid 2-related factor (Nrf2) is controlled by the sta-
tus of its cognate binding partner, the Kelch-like ECH-associated
(Keap1) protein. Following the chemical modification of reactive
thiol groups of Keap1 by RES agents, Nrf2 is stabilized and
released to activate ARE-bearing genes, thus invoking the xenome
response.18–20 In plants, natural RES agents are known to modify
thiol-bearing proteins, although, as no Keap1 orthologue has yet
been identified, the regulatory significance of these interactions
is yet to be determined.14 However, our studies suggest that any
electrophilic modification of a receptor protein is highly specific
and determined by specific structural hydrophobic components.
4.2 Exploring the links between electophilicity and the
activity of commercial safeners
The correlation between hydrophobicity, electrophilicity and
safening was then explored in greater detail. As shown in Fig.
6, many commercial safeners, especially the earlier developed
wileyonlinelibrary.com/journal/ps © 2018 The Authors. Pest Manag Sci (2018)
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Figure 6. Structureof commercial safeners, with solid red cir-
cles denoting electrophilic carbon centres and dashed circles
other potential electrophilic groups. Abbreviations: ACCase,
acetylCoAcarboxylase; ALS, acetolactate synthase; 2-CBSU, 4 N-
(aminocarbonyl)-2-chlorobenzenesulfonamide) EPTC, S-ethyl-N,N-dipropy
lthiocarbamate; HPPD, 4-hydroxyphenylpyruvate dioxygenase).
compounds, also bear electrophilic groups and as such qualify as
hydrophobic RES agents. In some cases, such as that observed
with cloquintocet mexyl and mefenpyr diethyl, the added com-
pound is a pro-safener. However, the active compounds still retain
a balance of electrophilic and hydrophobic residues. Based on
recent studies with natural product RES signalling agents in plants
and animals,14,19,20 it might be anticipated that these electrophilic
safeners would invoke the XR and plant protection response
to herbicides following the covalent modification of a specific
receptor bearing reactive thiol groups, essentially a functional
orthologue of the Keap1 protein.19,20 Few studies have explored
the interactions of safeners with putative receptors and signalling.
In the case of dichlormid, binding of the safener to a specific
protein in maize has been demonstrated, although this did not
involve thiol modification and the identification of the binding
partner as a putative phenolic-O-methyltransferase has not led to
the elucidation of a safening signalling pathway.12 Using radiola-
belled fenclorim as a probe, wewere unable to demonstrate either
high-affinity binding or protein modification in vitro and in planta
in either rice or Arabidopsis.5,11 From this, we have concluded
that either (1) the selective binding and covalent modification
of receptors by safeners such as fenclorim involves a very small
number of proteins that are below the limit of detection, or (2) the
reactivity of fenclorim and its specific interaction with a binding
partner are transient and disrupt a dynamic process such as a key
catalytic or transport step. If the latter were the case, the obvious
pathway for disruption would be the generation and turnover of
oxylipins involved in XR signalling.2 Whichever mechanism for
safener recognition is invoked, it would be anticipated that the
signalling pathways they interact with would be conserved in
different plant species. However, the chemical diversity of safeners
and their crop specificity (Fig. 6) challenge the view that they
must act as RES agents on natural stress signalling pathways
involving thiol-bearing receptors. Furthermore, some of the more
recent safeners, such as cumyluron and cyprosulfamide, are not
overtly electrophilic (Fig. 6). Exploring the relationship between
safener structure and activity, we reasoned that if safeners acted
on distinct signalling pathways then they should elicit differ-
ent XRs. The relationship between XR and safener chemistry
was then explored using the induction of members of the GST
superfamily as a testbed. In the case of Arabidopsis, transcrip-
tome studies have been performed with plants exposed to either
fenclorim5,7 or a mixture of isoxadifen/mefenpyr-diethyl. 8 Fol-
lowing the interrogation of the array analyses, we were unable
to find a significant correlation between GST expression induced
by isoxadifen/mefenpyr-diethyl treatment and GST expression
induced by fenclorim, PPA1 or OPDA treatment (data not shown).
This suggests that, at the level of xenome induction, the mixture
of isoxadifen/mefenpyr-diethyl is acting on a fundamentally dif-
ferent branch of the safener signalling pathway from fenclorim,
which is more closely associated with the patterns of induction
seen with oxylipins.
It was then of interest to extend this approach to cereals where
the rapid XR is functionally linked to herbicide safening. In a pre-
vious study, we had determined the changes in the transcriptome
of rice cell cultures treated with 100𝜇M fenclorim for 4 and 24 h.7
From this, it was possible to determine safener-inducible xenome
components and array them in phylogenetic trees to show the
relatedness of inducible gene family members (Fig. 7).7 A survey
of the literature on other transcriptome experiments in cereals
revealed a couple of examples of systemic screening of the GST
gene family for induction by safeners, namely by subtractive sup-
pression hybridization of wheat treated with cloquintocet mexyl
and by microarray analysis of maize exposed to dichlormid.6,21
Other safener-inducible GSTs included in the analysis were iden-
tified in gene induction experiments in Triticum tauschii 22 and in
maize. 23,24 Construction of a phylogenetic tree revealed that only
a small number of GSTs split between the tau, phi and lambda
classes were induced by dichlormid and cloquinocet mexyl in
Pest Manag Sci (2018) © 2018 The Authors. wileyonlinelibrary.com/journal/ps
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Figure 7. Phylogenetic tree showing the relationship between GSTs from rice (Oryza sativa), maize (Zea mays) and wheat species (Triticum aestivum and
Triticumtauschii) inducedbyherbicide safeners. RiceGSTs (prefixOs)were inducedby fenclorim.MaizeGSTs (prefixZm)were inducedbydichlormid except
for ZmGSTL1, which was induced by N-(aminocarbonyl)-2-chlorobenzenesulfonamide. Cloquinocet mexyl induced GSTs in T. aestivum wheat (prefix Ta)
and in the wheat progenitor Triticum tauschii (prefix Tt). Clade I and II tau GSTs are shaded in grey to enhance contrast.
maize and wheat, respectively (Fig. 7). In contrast, a third of rice
tau class GSTs were induced by fenclorim, whilst other classes
of GSTs were seemingly unperturbed. When taken together with
the differences in GST family induction seen with different safen-
ers in Arabidopsis, this does suggest that differing chemistries
result in distinctive rapid XRs. This safener specificity in xenome
gene induction is particularly intriguing as it may help explain the
specificity of these compounds in partnering different herbicides
that undergo distinct pathways of detoxification. Safener speci-
ficity in xenome inductionwill now form the basis of future studies
in cereals and model species.
ACKNOWLEDGEMENTS
The authors acknowledge the support of the Biotechnology and
Biological Sciences Research Council Grant BB/D005620/1, part of
the ‘Selective Chemical Intervention in Biological Systems’ initia-
tive.
SUPPORTING INFORMATION
Supporting informationmay be found in the online version of this
article.
REFERENCES
1 Kraehmer H, Laber B, Rosinger C and Schulz A, Herbicides as weed
control agents: state of the art: I. Weed control research and
safener technology: the path to modern agriculture. Plant Physiol
166:1119–1131 (2014).
2 Riechers DE, Kreuz K and Zhang Q, Detoxification without Intoxication:
herbicide safeners activate plant defense gene expression. Plant
Physiol 153:3–13 (2010).
3 Hatzios KK, An overview of the mechanisms of action of herbicide
safeners. Z Naturforsch (C) 46:819–827 (1991).
4 Edwards R, BrazierM, DixonDP andCummins I, Chemicalmanipulation
of antioxidant defences in plants. Adv Bot Res 42:1–32 (2005).
5 Skipsey M, Knight KM, Brazier-Hicks M, Dixon DP, Steel PG, and
Edwards R, Xenobiotic responsiveness of Arabidopsis thaliana to
a chemical series derived from a herbicide safener. J Biol Chem
286:32268–32276 (2011).
wileyonlinelibrary.com/journal/ps © 2018 The Authors. Pest Manag Sci (2018)
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Structure–activity studies with oxylipin safeners www.soci.org
6 Theodoulou FL, Clark IM, He XL, Pallett KE, Cole DJ and Hallahan
DL, Co-induction of glutathione S-transferases and multildrug resis-
tance associated proteins by xenobiotics in wheat. Pest Manag Sci
59:202–214 (2003).
7 Brazier-Hicks M, Gershater M, Dixon D and Edwards R, Substrate speci-
ficity and safener inducibility of the plant UDP-glucose-dependent
family 1 glycosyltransferase super-family. Plant Biotech J https://doi
.org/10.1111/pbi.12775 (2017).
8 Behringer C, Bartsch K and Schaller A, Safeners recruit multiple sig-
nalling pathways for the orchestrated induction of the cellular xeno-
biotic detoxification machinery in Arabidopsis. Plant Cell Environ
34:21102–21112 (2011).
9 Cummins I, Bryant DN and Edwards R, Safener responsiveness and
multiple herbicide resistance in the weed black-grass (Alopecurus
myosuroides). Plant Biotech J 7:807–820 (2009).
10 Del Buono D and Ioli G, Glutathione S-transferases of Italian ryegrass
(Lolium multiflorum): activity toward some chemicals, safener mod-
ulation and persistence of atrazine and fluorodifen in the shoots. J
Agr Food Chem 59:1324–1329 (2011).
11 Brazier-Hicks M, Evans KM, Cunningham OD, Hodgson DRW, Steel PG
and Edwards R, Catabolism of glutathione conjugates in Arabidopsis
thaliana; role in metabolic reactivation of the herbicide safener
fenclorim. J Biol Chem 283:21102–21112 (2008).
12 Scott-Craig JS, Casida JE, Poduje L and Walton JD, Herbicide safener-
binding protein of maize - purification, cloning, and expression of
an encoding cDNA. Plant Physiol 116:1083–1089 (1998).
13 Mueller S, Hilbert B, Dueckershoff K, Roitsch T, Krischke M, Mueller MJ
et al., General detoxification and stress responses are mediated by
oxidized lipids through TGA transcription factors in Arabidopsis.
Plant Cell 20:768–785 (2008).
14 Mueller MJ and Berger S, Reactive electrophilic oxylipins: pattern
recognition and signalling. Phytochem 70:1511–1521(2009).
15 Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L et al.,
Genevestigator v3: a reference expression database for the
meta-analysis of transcriptomes. Adv bioinformatics 2008:420747
(2008).
16 Felsentein J, Phylogeny inference package (version 3.2). Cladistics
5:164–166 (1989).
17 Taki N, Sasaki-Sekimoto Y, Obayashi T, Kikuta A, Kobayashi K, Ainai
T et al., 12-oxo-phytodienoic acid triggers expression of a distinct
set of genes and plays a role in wound-induced gene expression in
Arabidopsis. Plant Physiol 139:1268–1283 (2005).
18 Stotz HU, Mueller S, Zoeller M, Mueller MJ and Berger S, TGA transcrip-
tion factors and jasmonate-independent COI1 signalling regulate
specific plant responses to reactive oxylipins. J Exp Bot 64:963–975
(2013).
19 JaiswalAK,Nrf2 signaling in coordinatedactivationof antioxidantgene
expression. Free Radical Bio Med 36:1199–1207 (2004).
20 Nguyen T, Nioi P and Pickett CB, The Nrf2-antioxidant response ele-
ment signaling pathway and its activation by oxidative stress. J Biol
Chem 284:13291–13295 (2009).
21 McGonigle B, Keeler SJ, Lan SMC, Koeppe MK and O’Keefe DP, A
genomics approach to the comprehensive analysis of the glu-
tathione S-transferase gene family in soybean andmaize. Plant Phys-
iol 124:1105–1120 (2000).
22 Xu F, Lagudah ES, Moose SP and Riechers DE, Tandemly dupli-
cated safener-induced glutathione S-transferase genes from
Triticum tauschii contribute to genome- and organ-specific
expression in hexaploid wheat. Plant Physiol 130:362–373
(2002).
23 Jepson I, Lay VJ, Holt DC, Bright SWJ and Greenland AJ, Cloning
and characterisation of maize herbicide safener-induced cDNAs
encoding subunits of glutathione S-transferase isoform-1,
isoform-II and isoform-IV. Plant Mol Biol 26:1855–1866
(1994).
24 Hershey HP and Stoner TD, Isolation and characterization of cDNA
clones for RNA species induced by sustituted benzenesulfonamides
in corn. Plant Mol Biol 17:679–690 (1991).
Pest Manag Sci (2018) © 2018 The Authors. wileyonlinelibrary.com/journal/ps
Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
